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cently High  Intensity Focused Ultrasound  (HIFU)  is 
being actively investigated for use in the clinic with the 
aim  of  enabling  thermal  ablation  of  both  benign  and 
malignant  tumour  lesions,  and bone metastasis  [3-5], 
also  associated  to  external  radiation  therapy  [6],  for 
neurosurgery  [7]  and  drug  delivery  [8,  9]. HIFU  ab-








3  s) with minimal  impact  on  the  surrounding  tissues. 
A HIFU treatment can be delivered non-invasively us-
ing extracorporeal devices or minimally invasively using 
intracavitary  or  intraoperative  devices.  HIFU  is  usu-




temperature  measurement  (thermometry)  techniques 
is  more  advanced.  Magnetic  Resonance  guided  Fo-
cused Ultrasound Surgery (MRgFUS) allows for both 
target  localization and  in vivo  real  time monitoring of 
temperature  in  the  target  through  the  Proton  Reso-
nance Frequency shift method (PRF) [11]. 















Nerves  can be  injured by  sound beams diffracted  and 









































periore di Sanità  [14].  It  is  intended as a preliminary 
step  toward  the simulation of more  realistic  scenarios 
for  clinical  applications of HIFU treatments. The de-







ucm301529.htm),  an  algorithm  implemented  by  J.E. 
Soneson  [15],  in order  to  take  into account  the pres-
ence of layers of different materials between the pres-













pressure,  σ=z/d  is  the  dimensionless  axial  coordinate 
and d  the focal  length; τ=ω0 t'  is  the dimensionless re-
tarded time;
is  the  transverse  Laplacian,  r  is  the  radial  coordinate 
normalized to  the source radius; A=a∙d  is  the dimen-
sionless  absorption  parameter,  where  a is  the  tissue-
specific thermoviscous attenuation coefficient (dB m-1); 













and  the  Crank-Nicolson  scheme  beyond  that  region. 
The non-linear term is solved in the time domain with 





from  the  propagating  pressure  wave  to  the  medium, 
H, is computed according to the relation H=ap02P2/ρc0, 





















Validation of the extended code against the HIFU 
simulator





are  no  approximations  involved,  the  goal  is  to  repro-
duce the same results of the HIFU simulator.
Figure 1a shows the axial profiles of the heating rate 
H,  the  solid  line  is produced with  the  extended code 












computed  temperature  curves  is  reported  and  Figure 
1c  shows  the  distributions  of  the  lethal  thermal  dose 
threshold. The temperature curves, representing in fact 
























the  time evolution of  the  temperature  in  the  location 
where it reaches its maximum, show a good agreement 










to  convert  all  thermal  exposures  to  equivalent minutes 
at this temperature. As shown in Figure 1 c) the distri-
butions of the thermal dose above the lethal threshold 






Multi-layered model: heating rate  
of a heterogeneous phantom
As a further step we applied the multi-layer code to 
a mathematical phantom made of different equivalent 









Liver  cancer  management  is  challenging  and  HIFU 
approach  represents  the only  treatment modality  that 
is  completely extracorporeal. The acoustic parameters 
of  the materials  are  reported  in Table 1  (first,  second 




















Speed of sound 
c0 (m s-1)
1482 1629 1600 1597
Mass density
ρ (kg m-3)
1000 1000 1060 1050
Attenuation 1 MHz
a (dB m-1 MHz-1)
0.217 58 68 75
Power of attenuation 
vs frequency curve
h
2 1 1 1.5
Nonlinear parameter
b
3.5 4.5 4.8 7.9
Specific heat capacity 
C (W m-1K-1)
4180 4180 4180 3510
Thermal conductivity 
k (W m-1K-1)
0.6 0.6 0.55 0.51
Blood perfusion rate 
w (kg m-3 s-1)
0 20 18 0
Table 2
Parameters of the sonication sequence
Sonication parameters [15]
Initial pulse (s) 0.3
Additional pulses cycles 5
Duty factor (%) 20
Pulse cycle period (s) 0.5
Cool-off duration (s) 5.2
The initial 0.3 s pulse is immediately followed by 5 pulses of 0.1 s repeated at 
0.5 s intervals. That is, the first exposure has a total duration of 0.4 s followed by 
a pause of 0.4 s. Other four cycles of 0.1 s pulses and 0.4 s pauses follow. This 
sequence, with a total duration of 2.8 s, is followed by 5.2 s of cooling-off so 
that the whole sonication is extended over an 8 seconds interval.
Figure 1
Comparison between the output of the KZK and BHT modules computed with the extended code (solid line) and HIFU Simulator 
(dash-dot line). a) Heating rate profiles; b) time evolution of the maximum temperature during one sonication; c) distributions of 
the thermal dose above the lethal threshold of 240 CEM43 [4].


























































with  the  expected  physical  behaviour  of  ultrasound 
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Figure 2
Schematic view of the multi-layer mathematical phantom.
Figure 3
The heating rate computed by the multi-layered model for the 
mathematical phantom made of four layers (2 cm of water [15], 
2 cm of gel pad, 1 cm of water, and 3 cm of liver equivalent 
tissue [21]).
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